objectives: This study quantified the particle size effect on the performance of elastomeric half-mask respirators, which are widely used by firefighters and first responders exposed to combustion aerosols.
primarily of fine (≤ 1 µm) and ultrafine (≤ 0.1 µm) particles. These smoke particles contain a variety of reactive free radicals and other chemical compounds, which pose a potential health risk (Leonard et al., 2007) . Baxter et al. (2010) reported >70% (by number) of smoke particles present during fire knockdown and overhaul are ultrafine. With an increase in surface area, ultrafine particles can be toxicologically more reactive than those of larger sizes (Lam et al., 2004; Shvedova et al., 2005) .
During fire overhaul (after the fire has been extinguished), firefighters enter the structure to examine areas for possible re-ignition. At that stage, it has been reported that firefighters may use elastomeric half-mask respirators equipped with a highly efficient P-100 filters (Bolstad-Johnson et al., 2000; Burgess et al., 2001) . When subjected to the National Institute for Occupational Safety and Health (NIOSH) respirator certification test, a P-100 filter must provide at least a 99.97% efficiency when challenged to polydisperse dioctyl phthalate (DOP) particles having a count median diameter (CMD) of 185 ± 20 nm and a geometric standard deviation (GSD) of <1.60 .
Numerous studies have been conducted to determine the filter efficiency of commercially available respirators (Martin and Moyer, 2000; Eninger et al., 2008; Eshbaugh et al., 2009; Rengasamy et al., 2008; Rengasamy et al., 2009 ). However, the respirator performance is affected not only by the filter efficiency but also by the faceseal leakage. Furthermore, several studies have shown that particle penetration through the faceseal leakage may be much higher than through the filter medium Zhuang et al., 1998; Grinshpun et al., 2009; Cho et al., 2010b) . To account for these two penetration pathways, NIOSH has proposed the total inward leakage (TIL) method for testing respirators (NIOSH, 2009 ). However, the NIOSH TIL test does not consider particle size, as it is based on non-size selective measurement. TIL was investigated as a function of particle size (aerodynamic size: 0.04-1.3 µm) in our previous research performed with N95 respirators and surgical masks (Lee et al., 2008) . The lowest protection factors (PFs) were observed in the size range of 0.04-0.2 µm (which includes the ultrafine fraction). Faceseal leaks on one brand of halfmask respirator (US Safety Series 200 Half-mask) worn by 73 subjects were studied by Oestenstad and Perkins (1992) . They found respirator leakage was strongly affected by leaks at the nose and chin, and consideration should be given to including nasal dimensions when selecting a respirator for an individual wearer. Our recent study with a half-mask respirator tested on a breathing manikin revealed that the nose was the primary leak site (He et al., 2013) .
There are no data available about the ultrafine particle penetration through faceseal leaks of elastomeric respirators even for a relatively simple case when the breathing flow rate is assumed to be constant. It is much more complex to quantify the particle penetration under actual breathing conditions (when the air flow through a respirator is not constant but has a cyclic nature). Early researchers addressed the effects of faceseal leakage on the particle penetration (Hinds and Kraske, 1987; Chen et al., 1990; Chen and Willeke, 1992) . A recent study conducted by Rengasamy and Eimer (2011) investigated the TIL of nanoparticles through Filtering Facepiece Respirators (FFRs) and reported that penetration increased with increasing leak size. With smaller size leaks (< 1.65 mm), the penetration values measured for 50 nm size particles were ~2-fold higher than the values determined for 8 and 400 nm size particles. However, the quoted studies were conducted using either constant flow or artificially induced leaks. Cho et al. (2010b) investigated a more realistic faceseal leakage by partially sealing a N95 respirator on a manikin face with breathing patterns simulated (as a sinusoidal function) by a breathing simulator. That paper showed that most of particles penetrated into the respirator through the faceseal leakage, rather than through the filter. A similar conclusion was drawn by Grinshpun et al. (2009) for a N95 FFR and a surgical mask.
Different challenge aerosols (non-biological and biological) have been utilized for various respiratory protection research including NaCl, Ag, DOP, and viruses (enterobacteriophages MS2, T4, and Bacillus subtilis phage) (Balazy et al., 2006a; Huang et al., 2007; Eninger et al., 2008; Shaffer and Rengasamy, 2009; Cho et al., 2010a; Rengasamy and Eimer, 2011) . In most of the previous respirator evaluation studies the challenge aerosol was charge neutralized/equilibrated. To our knowledge, besides our latest investigation (He et al., 2013) , no peer-reviewed published study has yet reported respirator performance using combustion aerosols that likely have different charge, shape, and density.
The present investigation is a follow-up to the study of He et al. (2013) performed with challenge aerosols originating from the combustion of wood, paper, and plastic. Similar to our earlier 886 X. He et al. study, the present investigation aims at testing the performance of an elastomeric half-mask respirator; however, a distinct difference is that the current experimental design includes particle size as an independent variable. Accordingly, a particle size selective measurement technique was deployed in this effort to characterize the effect of particle size along with other factors such as inhalation flow, combustion material, and faceseal leakage on the efficiency of a half-mask respirator.
MaTERiaLS and METHodS

Respirator and challenge aerosols
In this study an elastomeric half-mask respirator was tested, which is widely used by firefighters during fire overhaul. This type of respirator is also commonly used by first responders and other workers exposed to combustion aerosols. The model selection was also influenced by feedback from the Cincinnati Fire Department, which indicated that their firefighters frequently wear elastomeric 3M 6000 series half-mask respirators with P-100 filters for medical responses and fire overhaul. Based on this rationale, a medium size 3M 6000 series half-mask respirator equipped with two 3M 2091 P-100 filters was chosen for this study. This same make and model was tested in our latest study on the overall (non-particle-sizeselective) particle penetration (He et al., 2013) .
Three combustion aerosols were generated by burning the following materials inside a test chamber: wood (24 cm BBQ long matches, 1.9 ± 0.5 g), paper (23 cm × 24 cm brown multifold paper towel, 2.1 ± 0.2 g), and plastic (23 cm × 20 cm Ziploc TM sandwich bags, single layer, 1.7 ± 0.3 g). Wood, paper, and plastic were selected to represent common sources of combustion particles in the environments encountered by firefighters and first responders. It is noted that aerosol particles originated by combustion are usually highly charged; unlike many earlier investigations, no charge neutralization or equilibration was conducted in this study in order to preserve the original properties of combustion particles.
Study design and experimental set-up
The experiments were carried out in the University of Cincinnati indoor testing chamber (volume = 24.3 m 3 ). The experimental set-up is presented in Fig. 1 .
In each experiment, the elastomeric half-mask respirator was donned on a breathing manikin and challenged with one of the three test combustion aerosols. Tests were conducted at three cyclic flows, with mean inspiratory flows (MIFs) of 30, 85, and 135 L/min. These flows represent breathing at medium, high, and strenuous workloads (Lafortuna et al., 1984; Anderson et al., 2006) . The cyclic breathing was simulated by a Breathing Recording and Simulation System (BRSS, Koken Ltd., Tokyo, Japan). The BRSS consists of an electromechanical drive-cylinder and two air cylinders connected to each other. A sinusoidal air flow is generated as the electromechanical cylinder moves back (inspiratory duration, half a period) and forth (expiratory duration, half a period) (Haruta et al., 2008) . The cylinder moving distance simulates the human tidal volume. By adjusting the speed and distance of the cylinder, the breathing frequency was set at 25 breaths/min for all three cyclic flows. Choosing the same breathing frequency for all cyclic flows eliminated frequency as an additional variable from the study design.
To examine the effect of the faceseal leakage on the performance of the respirator, three sealing conditions, namely 'fully sealed', 'partially (nose area) sealed', and 'unsealed', were established. A silicone sealant was applied to the respirator when it was necessary to seal the facepiece to the manikin. The fully sealed condition essentially targeted the efficiency of the P-100 filters installed on the half-mask respirator, assuming no penetration through the exhalation valve. The unsealed and partially sealed conditions permitted evaluation for both penetration pathways: filter penetration and faceseal leakage. Several studies have reported that faceseal leakage occurs mostly in the nose and chin area (Holton et al., 1987; Crutchfield and Park, 1997; Oestenstad et al., 2007; Oestenstad and Bartolucci, 2010) . Our previous study (He et al., 2013) showed that there was no significant difference between two conditions 'nose-only sealed' and 'nose & chin sealed' in terms of the penetration level for the same half-mask respirator. Based on this rationale, only one partially sealed condition-a nose area seal-was chosen for this study (the length of the seal was 12.7 cm, which is ~30% of the 40.6 cm total respirator sealing length).
For each combination of the test conditions, the experiment was repeated four times. The particle concentrations outside and inside of the respirator were measured size-selectively using a recently developed Nanoparticle Spectrometer (Model: Nano-ID NPS500, Naneum Ltd., Kent, UK). To sample from inside the respirator, the half-mask was probed between the nose and upper lip of the manikin using the TSI Model 8025-N95 Fit Test Probe Kit. The Nano-ID is capable of measuring an aerosol particle size distribution over a range of mobility diameters (an equivalent diameter of a spherical particle of the same mobility, Kulkarni et al., 2011 ) from 5 to 500 nm (referred to as a scan range). The particle counts are recorded in up to 128 user-selectable channels at a sampling flow rate 0.2 L/min, which is sufficiently low (compared with the breathing flow 30-135 L/min) and, therefore, is unlikely to cause significant influence in the measured particle concentration inside the respirator. Myers et al. (1988) stated that biased sampling often occurs because aerosol does not mix well within the respirator cavity during the inhalation phase of the respiratory cycle. To minimize the effect of non-homogeneity of the concentration inside the respirator, resulting from poor mixing, a 3-min scan time was chosen for each measurement; this time allows integrating many cycles in one measurement, e.g. as many as 75 cycles in 3 min at 25 breaths/min.
The particle penetration (through both pathways) was determined for each particle size (d p ) as the ratio of inside and outside concentrations:
Data analysis
For each combination of experimental conditions, the mean value of the total penetration and the standard deviation were calculated from the four replicates. One-way analyses of Variance (ANOVA) was performed to quantify the effect of sealing condition on the particle penetration, and three-way ANOVA was used to study the significance of combustion material, breathing flow, and particle size using SAS version 9.2 (SAS Institute Inc., Cary, NC). P-values of <0.05 were considered to represent significant differences in the outcomes.
RESULTS and diSCUSSion
Particle size distribution of challenge combustion aerosols Fig. 2 shows the particle size distributions of the three combustion aerosols measured at 10, 30, 50, 70, and 90 min after the burning was stopped. Each aerosol produced a single-mode distribution. The peak concentrations occurred in the mobility diameter range of 40-80 nm for wood and paper combustion aerosols, whereas the peaks shifted slightly toward a larger size range (50-100 nm) for plastic combustion aerosols. The majority of particles detected by the Nanoparticle Spectrometer fell between 20 and 200 nm. This is in a good agreement with the above quoted findings of Baxter et al. (2010) , who suggested that the scan range could be narrowed down. In addition to a better representation of the challenge aerosol, a narrower scan range improves the instrument performance in a specific time interval (by providing a more accurate particle count per channel). Accordingly, the size range of 20-200 nm discriminated through 30 scan channels (representing 30 particle size fractions) was selected. The above choice was consistent with an important aim of the particle size selective sampling-to identify the most penetrating particle size (MPPS).
The natural decay of airborne particle concentration was found to be dependent on particle size. It is seen in Fig. 2 that the natural decay was very slow for wood and paper combustion particles >80 nm and plastic combustion particles >100 nm. The slower decay for larger particles can be explained by weakening diffusion as well as continuous coagulation (Kulkarni et al., 2011) . The curves demonstrate a pronounced concentration decrease during approximately the first 50 min, which slowed down afterwards. On average, ~40% of particles remained airborne after 90 min. This assured a sufficient number of particles available for counting in each Nano-ID channel.
Fully sealed half-mask respirator with P-100 filters
The fully sealed respirator prevented particles from penetrating through the faceseal leakage. Therefore, total particle penetration equals filter penetration (P = P filter ), assuming no penetration through the exhalation valve. A separate experiment was conducted to test the assumption that exhalation valve operated properly, thus introducing no additional pathway for particles to penetrate inside the respirator. In this experiment, the same respirator with a functional exhalation valve was compared with a sealed valve. The penetration was determined at a constant flow of 135 L/min as well as at a cyclic flow of MIF=135 L/min. For either flow conditions, no significant difference in the penetration values was found. The results confirmed that the exhalation valve had no influence on particle penetration, which supports the fundamental postulate of our study design of only two particle penetration pathways (filter and faceseal).
Fig. 3 presents the particle penetration values for the fully sealed half-mask respirator equipped with two P-100 filters challenged with particles aerosolized by wood combustion. Our previous study (He et al., 2013) conducted with an identical fully sealed half-mask indicated that the effect of combustion material on the particle penetration was not significant (P-value >0.05); therefore, only one combustion material (wood) was tested here. Except Performance of an elastomeric half-mask respirator against ultrafine combustion particles 889 for a few points obtained at 135 L/min, all the other values were <0.005% regardless of the particle size and flow rate. The two peak points that occurred at the lower (~30 nm) and higher (~180 nm) sizes could be outliers as there were not sufficient number of particles (C out <10 000 particles/channel, C in <1 particle/channel) generated at those two sizes especially after 90-min measurement (see Fig. 2 , Wood Aerosol). However, even if these two peaks were considered as valid data points, the maximum filter penetration would still fall <0.025% (Fig. 3) . Overall, the results demonstrate that the tested P-100 filters exhibited the efficiency levels exceeding the NIOSH certification requirement (P ≤0.03%). This finding is in agreement with our earlier results obtained using a non-particle-sizeselective aerosol measurement technique (He et al., 2013) . Several other studies also reported similarly low particle penetration for P-100 filters (Eshbaugh et al., 2009; Rengasamy and Eimer, 2011) . Fig. 4 presents the particle penetration data for partially sealed half-mask with two P-100 filters, which was tested at three MIFs (30, 85, and 135 L/min) while exposed to three combustion aerosols (wood, paper, and plastic). Data analysis revealed that combustion material and particle size had a significant effect on penetration values (P-value < 0.001). For all three materials, the highest particle penetration values occurred at 85 L/min throughout the entire tested particle size range (20-200 nm) except for the first channel; the 135 L/min flow generated the second highest penetration levels followed by 30 L/min. All penetration values obtained with the three combustion aerosols were approximately between 0.05 and 0.7% except a few points obtained for smaller particles at 30 L/min. Insufficient number of particles detected by the Nanoparticle Spectrometer (C out <1000 particles/channel, C in <1 particle/ channel) prevented us from reporting penetration values for plastic particles between 20 and ~30 nm (see Fig. 2 , Plastic Aerosol). Compared with the fully sealed test condition, even the lowest penetration values obtained for the partially sealed half-mask at 30 L/min were at least 10-fold greater, regardless of flow rates (30, 85, and 135 L/min) . This shows that any additional faceseal leakage can substantially compromise the protection offered by a half-mask respirator. The penetration curves obtained for wood and paper combustion aerosols were of similar shapes. While not perfectly monotonic, the curves showed an overall increase of penetration with increasing particle size. For plastic combustion particles, the curves are slightly different from those found for wood and paper aerosols with the penetration reaching the maximum approximately at 120-160 nm at 85 and 135 L/min. One possible reason is that wood and paper combustion aerosol particles are expected to have similar physical and chemical properties while the particles originated by burning plastic, a synthetic material, may differ in composition and physical characteristics such as a charge, shape, and density. It is worth of mentioning that, although effects associated with electrical charges on particles as well as on respirator and manikin surfaces fell outside of the scope of this study, electric forces may have a major contribution to the differences associated with combustion material. It is also to be noted that the measurement of particles in this study was based on their electrical mobility (not an aerodynamic diameters), and there are no data, to our knowledge, that would allow establishing a relationship between the two, at least, for the challenge aerosol. All these factors may explain the material-associated differences and similarities observed in our experiments.
Partially (nose area) sealed half-mask respirator with P-100 filters
The order of curves in Fig. 4 was somewhat unexpected: at the same particle size the penetration increased as the MIF increased from 30 to 85 L/min but then decreased as the flow continued rising from 85 to 135 L/min at MIF. In order to identify the flow rate(s) associated with the maximum particle penetration, four more cyclic flows (50, 70, 100, and 120 L/min) were added to the testing program for the partially sealed half-mask. This additional experiment was conducted using plastic combustion aerosol only. It is believed that the finding would have higher practical significance because plastic aerosol is comparatively more toxic and more health relevant than the ones produced by burning wood or paper (Underwriters Laboratories Inc, 2010). Thus, seven flows (30, 50, 70, 85, 100, 120, and 135 L/min) were tested at the same manikin breathing frequency (25 breaths/min) with four replicates for each flow. The experimental results are presented in Fig. 5 . The penetration values are shown for particle sizes of and above of 30 nm (as mentioned earlier, the count of plastic combustion particles <30 nm was insufficient).
Firstly, the curves (upper section of Fig. 5 ) corresponding to seven different MIFs are similarly non-monotonic. Although the trend is not completely clear for particle diameters up to 40-50 nm, all the curves indicated that penetration increased with increasing particle size up to Fig. 4 . Penetration of wood, paper, and plastic combustion aerosols through a partially sealed (nose area) half-mask equipped with two P-100 filters. Each point represents the average value of four replicates, and the error bar represents the standard error of the mean.
100-140 nm (depending on the flow rate) and then decreased for larger particles. The flow rate of 85 L/min indeed appeared to be the one producing the highest penetration values when particle size was >40 nm. The flow rate of 100 L/min produced the second highest penetration (the values are approximately the same compared with 85 L/min in the particle size range of 80 to 100 nm). Further increase in flow rate resulted in decrease in penetration. Results also showed the lowest penetration values at the lowest tested MIF (30 L/min). The following explanations are offered to address the flow effect: as the breathing flow increased from 30 to 85 L/min, more combustion particles were brought into the respirator cavity (greater penetration) while the outside concentration remained unchanged. However, it is anticipated that at higher flows (>85 L/min) the negative pressure inside the respirator during inhalation became sufficiently high to suck the respirator toward the face of the manikin and consequently reduce faceseal leak size. In turn, a smaller leak could correspond to a lower relative contribution of the total air flow entering the facepiece, resulting in penetration of fewer particles. During exhalation, exhaled air is released primarily through the exhalation valve (rather than the faceseal leakage or filters) of the half-mask respirator so that a higher flow should not substantially increase the leak size during exhalation.
Secondly, the lower section of Fig. 5 shows the particle penetration as a function of MIF at four particle sizes (52, 83, 104 and 153 nm) that were selected to fairly represent the entire scan range. This figure conveys that the particle penetration was largely dependent on the cyclic breathing flow, with the highest penetration values occurred at the MIF = 85 L/min. As particle size increased from 52 nm to 104 nm, the penetration values showed a clear increasing trend regardless of the flow rate. However, penetration values obtained at the larger particle size (153 nm) were close to or higher than those acquired at 104 nm (depending on the flow rate). This indicates that the MPPS for this partially sealed half-mask (nose area only) was within a size range of ~100 to 160 nm when challenged to plastic combustion aerosols.
Unsealed half-mask respirator with P-100 filters
The findings for the unsealed half-mask are presented in Fig. 6 . The ANOVA results showed that both particle size and material type had strong significant effects (P-value < 0.001) on the particle penetration. The penetration values ranged from 4 to 8% for wood aerosol, from 3 to 10% for paper aerosol, and from 3 to 16% for plastic aerosol. Plastic aerosol produced higher penetration values for particles between 100 and 200 nm compared with wood and paper combustion aerosols. This finding is important in light of previously published evidence that combustion of plastic generates toxic particles that may be associated with human health effects (Linak et al., 1989; Wong et al., 2007) .
The average penetration of the unsealed halfmask respirator exceeded that of fully sealed respirator by a factor of >100, given that most of penetration values obtained for the fully sealed half-mask were <0.05% (see Fig. 3 ). Therefore, more than 99% of particles entering the unsealed half-mask respirator cavity penetrated through faceseal leakage (not through the P-100 filter medium). This finding is consistent with the conclusions presented in He et al. (2013) for the same type of respirator based on total particle concentration measurement (non-size selective).
For plastic aerosol, the size of particles most readily penetrating through faceseal leakage fell in a range of 120-140 nm for all three MIFs, whereas it is difficult to determine the MPPS for wood and paper aerosols as the penetration curves do not show clear peaks in the particle size range of 20-200 nm. Many previous studies on respirator filter efficiency have reported the MPPS for tested filters (Brown, 1993; Martin and Moyer, 2000; Grafe et al., 2001; Bałazy et al., 2006a Bałazy et al., , 2006b Eninger et al., 2008) . However, there are very limited data available on the MPPS for respirator faceseal leakage. Rengasamy and Eimer (2011) reported that the MPPS for a cylindered leak (<1.65 mm diameter) was ~50 nm. It is commonly assumed that size and location of faceseal leakage are constantly changing during breathing, talking, and head/body movement (Myers et al., 1996) , which contributes to additional variability when trying to determine the MPPS. Additional challenge is that the MPPS can be affected by aerosol type as shown in this study.
Unlike the fully sealed condition, an unsealed respirator involves two primary particle penetration pathways (filter medium and faceseal leakage). While numerous studies have addressed the effect of breathing flow on the filter efficiency (e.g. increasing flow rate was shown to promote higher penetration of ultrafine particles due to diffusion) (Bałazy et al., 2006a (Bałazy et al., , 2006b Eninger et al., 2008; Rengasamy and Eimer, 2011) , it is less certain how the breathing flow affects 892 X. He et al. the faceseal penetration. Interestingly, several published FFR studies have documented that faceseal penetration decreased with increase in breathing flow when challenged with particles >500 nm (Chen et al., 1990; Huang et al., 2007; Cho et al., 2010b) . On the other hand, another FFR evaluation effort failed to observe significant increase or decrease in faceseal penetration when increasing the breathing flow (Rengasamy and Eimer, 2011) for particles ranging from 8 to 400 nm. In our study, increasing flow seemed to decrease particle penetration through the faceseal leakage, and such effect was most dominant for plastic aerosol and particle size of >100 nm (see Fig. 6 ). It is acknowledged that our study tested a different respirator (elastomeric half-mask) with different challenge aerosols compared with the three studies referenced above. 5 . Penetration of 'plastic' combustion particles through a partially sealed (nose area) half-mask equipped with two P-100 filters: dependence on particle size for fixed MIFs (upper figure) and dependence on the MIF for fixed particle sizes (lower figure) . Each point represents the average value of four replicates.
To interpret the above finding (faceseal penetration decreases with increasing flow rate), an experiment with breathing flow held constant was conducted. The same unsealed half-mask was tested using three constant flow rates (30, 85, and 135 L/min) while challenged with plastic aerosol. The results are shown in Fig. 7 . First, constant inhalation flow produced much higher penetration values than cyclic flow. Peak penetration was close to 50% for a constant flow rate of 30 L/ min (Fig. 7) compared with 16% for cyclic flow of the same MIF (Fig. 6) ; similar trends were observed for 85 and 135 L/min. These differences were explained in our previous study (He et al., 2013) . The important finding is that increasing constant flow was generally associated with a decrease in particle penetration (with the exception of data obtained at 85 versus 135 L/min for larger particles). Due to the high efficiency of the P-100 filter, the total particle penetration through the half-mask elastomeric respirator is almost fully determined by the number of particles penetrating through faceseal leakage. Most of tested particles are small enough to have their motion governed primarily by diffusion and electrostatics. Assuming that (a) the exhalation valve provides a perfect seal, (b) the particle loss inside the faceseal leakage is negligibly small, and (c) the capture efficiency of the P-100 filter is close to 100%; the total particle penetration (P Total ) into a respirator is determined by the relative contributions of the air flows through the filter and the leakage (He et al., 2013) :
Where Q F is the constant air flow through filter media, Q L is the constant air flow through faceseal leakage, and Q = Q F + Q L is the constant total flow. If the respirator is equipped with an absolute filter, the penetration value calculated by equation (2) can be considered as maximum possible particle penetration.
Depending on the position of the respirator and the tightness of the straps, the gap between the respirator and the face of the manikin is likely variable. In our experiment, the most sizeable leakage (~1 mm) was observed around the nose area. However, in areas around the chin and cheeks the faceseal leakage could be 0.1 mm or lower. According to the classic particle diffusion theory (Kulkarni et al., 2011) , the particle losses inside a 1-mm gap are estimated to be negligibly low (with the Brownian displacement of ~0.01 mm). At the same time, the diffusional deposition inside a 0.1 mm gap is not negligible, especially for particles below ~50 nm. Larger particles (well above 50 nm) are not subjected to appreciable diffusional deposition, but some of them may carry substantial electrical charges, which could cause losses inside the faceseal leakage and consequently decrease the particle penetration. This effect is expected to be more pronounced as the particle size increases (further increase of the particle size adds interception and impaction losses). The above explains the non-monotonic curves shown in Fig. 7 . The MPPSs ranging ~70-90 nm (depending on the flow rate) represent the condition when the particles are too large for substantial diffusional losses inside the leakage but at the same time too small to expect notable deposition due to electrostatic mechanism, interception, and impaction. In these cases, the penetration is close to the theoretically maximum level, Q L /Q [Eq. (2)]. These thresholds are shown in Fig. 7 for each of the three flow rates as straight lines. The proportion of total flow through the faceseal leakage was experimentally determined for an unsealed half-mask donned on the manikin under the constant flow condition. This was done as follows. First, the respirator was fully sealed on the manikin, and the air flow was established (entirely through the filter in absence of the faceseal leakage). By adjusting the speed of a vacuum pump, seven constant flow rates (Q F ) ranging from 10 to 100 L/min were achieved and the seven corresponding static pressures (pressure drop) were recorded. Second, an unsealed respirator was donned on the manikin with both P-100 filters removed and all inhalation openings fully covered to allow the air pass solely through the leakage. Using the same pre-recorded static pressures, seven flow rates (Q L ) were established by adjusting the vacuum pump. Subsequently, the seven total flow rates were calculated (Q = Q F + Q L , see Fig. 8 for the seven tested Q-values marked as black dots).
The relationship between Q L /Q and total flow Q is plotted in Fig. 8 . The graph reveals that Q L /Q values decreased along with increasing total flow rate. As indicated above, this likely occurred due to high negative pressure inside of the respirator that sucks it towards the manikin surface, thus reducing the faceseal leakage and producing higher flow resistance, which, in turn, reduced the proportion of total flow (Q L /Q) passing through the leakage. Increase in total flow decreased the slope of the curve shown in Fig. 8 . At a total flow of 30 L/min, the ratio of Q L /Q was as high as 53%, which, based on our theoretical considerations presented above, was supposed to produce P Total ≈ Q L /Q = 53% (see Fig. 7 , the 53% straight line). Similarly, when the total flow was 85 and 135 L/min, the Q L /Q was 38 and 33%, respectively. The above explanations can be applied to a more complex case of the cyclic flow regime, which-in contrast to the constant flow-exhibits both inhalation and exhalation. During exhalation, particle concentration inside the respirator is diluted by the purified exhalation air (in our experimental set-up, a HEPA filter installed between the manikin and the breathing simulator). At the same time, the particles cannot be entirely removed from the respirator cavity as there are always particles trapped inside the respirator after exhalation. Thus, the particle penetration obtained under the cyclic flow regime is expected to be lower than those obtained under the constant flow regime (see a more detailed explanation in He et al., 2013) . However, the effects of the flow rate on the faceseal penetration remained the same for both constant flow and cyclic flow regimes-higher flow associated with lower penetration, which was proven by the theoretical calculation [equation (2)] combined with the flow measurements (Fig. 8) . No previously published studies were found to address the flow type (cyclic versus constant) effect on the total inward leakage for the elastomeric half-masks.
ConCLUSionS
Performance of the elastomeric half-mask respirator was significantly affected by the particle size (P-value < 0.001). When testing the partially sealed half-mask, the highest penetration was detected at 180 nm for wood and paper combustion aerosols and at ~120-160 nm for plastic aerosol. Under the unsealed conditions, the peak penetration occurred at 120 nm for plastic combustion aerosol, while no clear peaks were identified for wood and paper. Results suggest that the MPPS for the faceseal leakage was >100 nm for the partially sealed and unsealed conditions when challenged with plastic aerosol. The partially sealed (nose area only) half-mask respirator resulted in 10-fold lower penetration levels when compared with the unsealed condition. This suggests that the nose area was a primary leak site.
Material type was another significant factor (P-value < 0.001). For the unsealed half-mask challenged with plastic combustion aerosol, higher penetration values were observed compared with wood and paper aerosols for particles >100 nm. The effect of cyclic flow rate was found to be significant as well (P-value < 0.001). For the partially sealed respirator, increasing flow rate was associated with an increase in penetration up to MIF = 85 L/min. For higher flow rates, the trend changed to a decrease in penetration as the flow increased. For unsealed conditions, increasing flow rate resulted in consistent decrease of penetration and this trend was most apparent for the plastic aerosol with size >100 nm.
One major limitation of this study is that a hard plastic manikin headform was used, which was not capable of mimicking the texture and softness of human skin. This may potentially create larger leaks for equivalent strap tension. An advanced headform covered with soft skin-like material may be considered as an appropriate alternative in future studies. Only one model of the elastomeric half-mask was tested, which also represents a study limitation. Additionally, it is acknowledged that all the cyclic flows tested in this study used the same breathing frequency (25 breaths/min), which may not fully represent the real-world situation. Future studies are needed to investigate the effects of the breathing frequency on the performance of respiratory protection devices. 
